Abstract. Mechanical-electrical analogous circuit models are widely used in electromechanical system design as they represent the function of a coupled electrical and mechanical system using an equivalent electrical system. This research uses electrical circuits to establish a discussion of simple active vibration control principles using two scenarios: an active vibration isolation system and an active dynamic vibration absorber ( DVA ) using a voice coil motor (VCM) actuator. Active control laws such as gain scheduling are intuitively explained using circuit analysis techniques. Active vibration control approaches are typically constraint by electrical power requirements. The electrical analogous is a fast approach for specifying power requirements on the experimental test platform which is based on a vibration shaker that provides the based excitation required for the single Degreeof-Freedom (1DoF) vibration model under study.
The differential equation that describes the motion of the mass 'm' using 2nd Newton's law is shown in Equation 1 .
where 2 x is the base excitation which is provided by the shaker table , 1 x describes the spring suspended mass motion, k is the helical spring stiffness, c is the mechanical damping and U is a generic actuator force.
Rig specifications are shown in Table 1 . The VCM is a GVCM-051-051-01 manufactured by Moticont. VCM impedance measurements were taken using the frequency response analyser PSM1735 with an IAI LCR interface manufactured by Newtons4th. 
Figure 2. Active control vibration model with a generic actuator U (1DoF )

Equivalent circuit representation of the 1DoF active control rig with a generic actuator
An analogous electrical and mechanical system will have differential equations of the same form. There are two analogues for the system shown in Figure 2 . Type I analogues use current as mechanical force representation and Type II analogues use voltage as force representation. Table 2 shows the relationship between electrical and mechanical quantities. Figure 3 whilst Type II in Figure 4 . A circuit analysis using Kirchoff's Laws yields the same differential equation as shown in Equation 1. For Type I, the differential equations are obtained using KCL in node A as shown in Equation 2 and for Type II, they are obtained using KVL in loop I as shown in Equation 3 . 
Active vibration control strategies for two real scenarios: vibration isolation and vibration absorbers.
The concept of vibration isolation is that the mass 'm' is held motionless. That implies that the speed 1 x must be 0. Using the circuit shown in Figure 4 , vibration isolation implies that the current 1 x must be 0. Using the simplified circuit in Figure 5 the control law could be derived by using superposition theorem and the current divider rule as shown in Equation 4 . Electrical variables such as current and voltages are expressed as forces and velocities respectively.
If we want to minimize x1 motion 
The amplitude of an undamped DVA tends to be infinite at its resonant frequency. The optimum active control laws could be derived from the circuit in Figure 5 . The actuator force u must be chosen for an infinite actuator stroke at the excitation frequency of 
If we use the circuit in Figure 6b . the condition is achieved in Equation 7 .
According to Equation.6 and Equation 7, the actuator force must remove the damping of the system and it should provide a force proportional to actuator relative position   frequency of the absorber mass [8] . 
A possible circuit representation that couples the mechanical system and electrical side uses a gyrator and it is shown in Figure 7 . The governing differential equations for this circuit are shown in Equation 10. 
For active vibration isolation or active control of a DVA, the VCM current should be same as the control laws shown in Equations 5-7 respectively. For example, ideal vibration isolation requires a VCM current according to Equation 11. As it can be seen, this control strategy only requires reading the shaker table position, speed or acceleration ( 222 ,, xxx ). External electronics such as linear servo motor drives could adjust the VCM voltage to ensure the VCM current follows the desired control law.
Electrical impedance and power requirements
Electrical power requirements for active vibration control are one of the most important factors when choosing between Passive and Active solutions for mitigating vibrations in an industrial application. The circuit shown in Figure 8 corresponds to the equivalent impedance seen by the electrical system due to the mechanical one after impedance transformations. 
If the shaker 
Electrical power requirements could be calculated using the impedance expressions as shown in Equation 14.
Mass on the spring motion using the equivalent circuit
Using the circuit transformation shown in Figure 9 an equivalent circuit as shown in Figure 10 could be analysed for obtaining the mass motion The absorber mass motion could be analysed using Superposition Theorem and the current divider rule according to Equation 15.
The circuit shown in Figure 10 describes the shift in resonant frequency when a short circuit is placed across the VCM terminals.
Model validation
Transmissibility experiments were carried out with the VCM terminals in open and closed circuit respectively. The model in Figure 7 could consider the added damping due to eddy current losses in the VCM actuator when there is an open circuit across the VCM terminals as show in Figure 11 . The circuit shown in Figure 11 provides a trend that is in good agreement with experimental results when the VCM terminals are under open and closed circuit conditions respectively. The green trace in Figure 13 corresponds to the circuit values shown in Table 3 . 
Conclusion
Coupled mechanical-electrical systems could be analysed with electromechanical analogous circuit models. The practicality of this method is that it provides a better visualization and interpretation of the system. A complete derivation of active control laws for dynamic vibration absorbers and vibration isolation is straightforward by analysing these circuits. Electrical power requirements could be defined in the frequency domain by calculating the electrical impedance seen by the input voltage source connected to the VCM. The proposed equivalent circuits show a good agreement with experimental results.
